Zhalantun city is located in a severely cold region of China. The cold climate and long winter bring challenges to the energy-saving design of rural dwellings in this area, while the poor economic conditions restrict the application of energy-saving technology. This paper aims to propose an optimal combination of passive design parameters by investigating, testing, and analyzing simulations of Zhalantun rural dwellings, which have a particular architectural pattern. Field measurements during winter show that the indoor temperature of a traditional house is low and fluctuates greatly, and the inner surface is prone to easy condensation. Through thermal comfort surveys, neutral and acceptable temperature ranges were obtained to provide indoor calculation parameters for an energy-saving design. Numerical simulations of heating energy consumption were conducted on the typical building models using DesignBuilder. The influence of different design factors on energy consumption was evaluated. Orthogonal experiments were designed to optimize a series of design parameter combinations to reduce the energy consumption of Zhalantun rural houses and to determine the sequence and significance of the effect of these design factors on energy consumption. Results show that the optimal parameter combination based on orthogonal experiments can obviously reduce energy consumption and have better economic benefits without considering mechanical methods. This can provide a basis for improved energy-saving designs and indoor thermal environments in such rural dwellings.
Introduction
Building is one of the most important fields in which to address energy saving, emission reduction, and global climate change. Developing green buildings is important in the face of climate change challenges [1] . Since the energy crisis of the 1970s, countries and international organizations have realized the importance of energy conservation in buildings and have committed to formulating related policies and standards for energy efficiency; also, many energy-saving technologies have been studied and come into effect [2] [3] [4] [5] [6] [7] [8] . In China, by 2010, rural buildings accounted for more than 50% of the total building area [9] , and their design and operating patterns are significantly different from those of urban residences. Most rural houses rely on self-built and self-sufficient energy supplies based on preference and traditional experience rather than construction codes, so the levels of building design and performance are lower than those in cities. With the development of urban and rural integration in China, rural residents' requirements for their living environment are increasing. Meanwhile, this also temperature threshold of rural residents; (3) the quantified relationship between design parameters and heating energy consumption is established by DesignBuilder software; (4) an orthogonal experimental design is used to obtain the parameter combination that results in the lowest heating energy consumption, as well as the primary and secondary relationships and degree of significance of the impact on energy consumption; and (5) the benefit-cost ratio and payback period are adopted to evaluate the economic efficiency of the optimal design parameter combination.
Methodology

Description of Zhalantun Climate and Local Rural Dwellings
Zhalantun is located in the east of Inner Mongolia, at a northern latitude of 47°5′-48°36′ and eastern longitude of 120°28′-123°17′. In terms of climate zones, as shown in Figure 1a , it is part of one of the severely cold regions in China, which are defined as having an average temperature not higher than -10 °C in the coldest month and no fewer than 145 days with a below average temperature of 5 °C [38] .
Zhalantun has a longer and colder winter, with a heating period as long as half a year. The weather is cool in summer, with no need for refrigeration equipment. According to the typical meteorological year (TMY) of Zhalantun [39] , as shown in Figure 1b , the annual average temperature is 2.98 °C, with an average highest temperature of 9.1 °C and an average lowest temperature of −3.24 °C. In winter (December-February). The monthly average temperature varies in the range of −24.0 °C to −16.5 °C and the monthly average relative humidity ranges from 65.8% to 76.4%. January is the coldest month, with daily average temperature ranging from −30.24 °C to −17.16 °C. The monthly total solar radiation is shown in Figure 1c . As shown in Figure 2a , the layout of rural dwellings in Zhalantun is scattered, with the main building type being single-story detached houses. The structural form of most houses is brick-concrete, and the layout is the three-compartment type, with an average building area of 60 m 2 . Restricted by the farmers' awareness of energy conservation and economic factors, the thermal performance of the building envelope is poor. More than 90% of the external walls are solid brick, with the thickness distributed over 370-620 mm, among which 370 mm wall (U-value = 1.58 W/m 2 ·K) accounts for 72%, and only 29% have a thermal insulation layer. External windows are mostly single-or double-glass windows (84%). As shown in Figure 2b , in order to enhance the thermal insulation performance and reduce cold air infiltration, farmers will adopt some temporary measures, such as adding a layer of glass inside the window, adding a layer of plastic film on the wall, or setting up a simple sunspace. This contributes to heat preservation in winter and can be removed in summer without affecting the natural ventilation. The roof form is mainly double slope, and the components include suspended ceiling + wood joist + insulating layer + wood (steel) roof truss + plank + waterproof layer + tiled roof. The insulation material is usually made of bulk materials, such as rice husk, sawdust, plant ash, etc., with a thickness of 100-150 mm (Figure 2c ). The ground is the most ignored part; only 2.0% have thermal insulation measures.
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Measurement of Indoor Thermal Environment
The thermal environment characteristics of typical traditional dwellings were analyzed by field testing. As shown in Figure 4 , the measured house is a south-facing single-story detached building. The building area is 54.12 m 2 , with a width of 9.08 m, depth of 5.96 m, and indoor height of 2.70 m. The building, with three bays, consists of a living room, bedroom, kitchen, and entrance. According to the living habits of the residents, the living room also serves as a bedroom. The external wall is 370 mm solid brick, with a heat transfer coefficient of 1.58 W/m 2 ·K. The load-bearing structure of the roof is a wooden frame, and the heat transfer coefficient is 0.93 W/m 2 ·K. The south window size is 2.40 m × 1.80 m, and the north window size is 1.2 m × 1.5 m. External windows were transformed from wooden to single-frame double-glass plastic-steel, and other components of the envelope were not replaced.
Considering the climatic characteristics of this area, the indoor thermal environment in winter requires more attention, and the testing time was selected from 1 to 15 January. The test parameters included air temperature, relative humidity, globe temperature, and thermal performance of the envelope. Table 1 lists the instruments used to measure the indoor thermal environment. All instruments complied with ISO 7726 [40] . The temperature and humidity recorders and the black globe temperature instruments were fixed in the center of each room at a height of 1.6 m. Considering the room area and the uneven radiation caused by fire kang, two points were set in the living room, one above the fire kang and the other in the center of the room (away from the fire kang). In order to avoid the effect of solar radiation on the measurement results, the outdoor temperature and humidity instruments were placed inside a radiation-resistant aluminum hood, and the ends of the hood were open and well ventilated [41] . The surface temperature instruments were placed on the inner surfaces of the south and north walls, windows, and fire kang. The heat transfer coefficient recorder was arranged on the east wall. An infrared thermal imager should be used to judge the thermal bridge of the envelope beforehand, to avoid influence on the testing results. The interval of automatic data recording of all instruments was 15 min. The appearance of the tested house and the arrangement of monitoring points are shown in Figure 4 . 
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Investigation of Indoor Thermal Comfort
Due to differences in region, climate, and living conditions, the thermal sensation of rural residents and their adaptability to the indoor thermal environment in various regions are also different. The thermal environment testing and thermal comfort questionnaire were carried out simultaneously. The questionnaire was divided into two sections: basic information and thermal survey. The basic information section included gender, age, clothing, activities, position in the room, etc. The thermal comfort survey section covered thermal sensation, thermal preference, and thermal acceptability. According to the preliminary survey, the original 7-point scale (−3, cold; −2, cool; −1, slightly cool; 0, neutral; +1, slightly warm; +2, warm; +3, hot) for thermal sensation was simplified to a 5-point scale (−2, cold; −1, slightly cold; 0, neutral; +1, slightly hot; +2, hot) because farmers are less educated and less sensitive to the thermal environment and cannot accurately understand it. Thermal preference is measured by a preference scale: −1, decrease; 0, no change; +1, rise. Thermal acceptability was evaluated by a scale of acceptable (1) or unacceptable (−1). In the process of conducting the thermal comfort survey, the air temperature, relative humidity, globe temperature, and air velocity were recorded using the instruments listed in Table 1 . The measurements were performed once for each visit. To ensure that the instruments were stabilized, the sensors were placed 1.0 m away from the occupants. The survey was conducted in the coldest months of the winter, December to February.
There are many indices that measure indoor thermal comfort, such as new effective temperature (ET*), standard effective temperature (SET), predicted mean vote (PMV), subjective temperature, operative temperature, etc. [42] [43] [44] [45] [46] [47] . Considering the heating mode and building characteristics of rural houses, operative temperature (t o ) was selected as the evaluation index in this paper, which takes into account the influence of air temperature (t a ) and mean radiant temperature (t r ) on human thermal sensation. The calculation method is shown in Formula (1): where h r is the radiation heat transfer coefficient and h c is the convective heat transfer coefficient. The mean radiant temperature (t r ) was acquired by calculating the measurement results of air temperature (t a ), globe temperature (t g ), and air velocity (v). The calculation method is shown in Formula (2) [40] :
When the indoor air velocity is less than 0.2 m/s or the difference between mean radiant temperature and air temperature is less than 4 • C, t o can be used in Formula (3) for calculation [42] :
Simulation of Energy Consumption
With the development of computer technology, simulation studies of built environments began in the mid-1960s. Over 50 years, the simulation technology has been used in practical applications in many fields, and energy consumption simulation software, such as DOE-2, TRNSYS, EnergyPlus, DesignBuilder, and DeST, has been commonly used. We used DesignBuilder software to simulate the energy consumption and evaluate the effects of varying design parameters. DesignBuilder is a graphical interface software developed for EnergyPlus, taking EnergyPlus as the computing kernel, and includes building construction, lighting, and material databases. The simulation results of DesignBuilder have been evaluated by ANSI/ASHRAE standard 140-2004 and are consistent with EnergyPlus running separately [48] . Many building energy-consumption studies have been conducted using DesignBuilder [49] [50] [51] [52] [53] .
Meanwhile, the effectiveness of the software simulation results was verified by the measured data. The weighted average indoor temperature was taken as the software input temperature, then compared with the simulation result and measured coal consumption. The actual coal consumption on the test day was about 25.0 kg, and the predicted value was 22.8 kg, 2.2 kg less, with an error of 8.8% (in the acceptable range). The main reasons for the error include the following: (1) The meteorological data used in the simulation were standard weather data, which differ from the actual meteorological data. (2) The running time of the heating equipment cannot run completely according to the theoretical model, resulting in the deviation of simulation results. (3) Changes in the number of people, human thermal resistance, metabolic rate, etc., during operation will have an impact on energy consumption, but the software cannot be set completely in accordance with the actual pattern. In the simulation, these parameters are set uniformly and as close as possible to the actual situation. In addition, this paper mainly compares the influence of passive design measures on energy consumption, and the error will not have a significant impact on the analysis results.
The tested rural house was used as the reference building for the simulation analysis, taking heating energy consumption as the evaluation index. In the process of simulation, the whole building was regarded as a single thermal zone, which reduced the simulation time with little effect on the accuracy of the results [54] . Chinese Standard Weather Data (CSWD) were used for outdoor calculation parameters, and according to the meteorological data of Zhalantun, the winter heating period was set as 18 October to 15 April of the following year, for a total of 180 days [39] . The indoor temperature was determined according to the results of the thermal comfort survey, and the air change rate was set as 0.5 h −1 . The operating time of the heating equipment was 06:00-22:00, with a utilization rate of 100%, and 22:00-06:00 the next day, with a utilization rate of 50%. The indoor occupant density was set as 0.04 people/m 2 , and the mean clothing thermal resistance (clo) in winter was set as 1.23 clo based on the survey results. The time of turning on lamps was divided into two periods: 6:00-8:00 and 18:00-22:00, and the lighting power density was set as 4.0 W/m 2 . The heat dissipation of other non-heating equipment with a low utilization rate was ignored. 
Orthogonal Experimental Design
Through analyzing the survey results and referring to relative studies , we found that there is still great potential to improve the indoor thermal environment and reduce building energy consumption by adopting appropriate passive energy-saving measures. Energy-saving measures, such as building orientation and form, building envelope insulation, sunspace, etc., were considered in evaluating the energy-saving potential. However, the energy-saving effect is subject to the comprehensive influence of design parameters, which interact. Changing one parameter could affect the action of other design parameters in building energy consumption. An optimization method thus needed to be adopted for the analysis.
Commonly used optimization methods include three types: combined simulation software and optimization algorithm [55] , combined machine learning and optimization algorithm [56] , and typical parameter combination optimization (such as an orthogonal experiment) [28] . Although the first two methods can achieve automatic search and optimization to obtain the optimal parameters, the whole process is a "black box" model, which can only present the final parameter combination. In this paper, not only the optimal parameter combination is obtained, but also the primary and secondary relationships, with the degree of significance of the impact on energy consumption also being emphasized. Compared with the former two optimization methods, the orthogonal experimental design can achieve this goal.
Basic Principle
The orthogonal experimental design is a method to study multifactor and multilevel optimization. According to the orthogonality, some representative points are selected to carry out the experiment, which have the characteristics of being homeodispersed and neatly comparable [57] . Taking an experiment with three factors and three levels, for example, a cube can be divided into 27 lattice points. If all the points undergo experimentation, it is a comprehensive test. The orthogonal experimental design can adopt an L 9 (3 4 ) orthogonal table to select the representative lattice points to carry out the experiments, specifically nine experiments, as shown in Figure 5 . such as building orientation and form, building envelope insulation, sunspace, etc., were considered in evaluating the energy-saving potential. However, the energy-saving effect is subject to the comprehensive influence of design parameters, which interact. Changing one parameter could affect the action of other design parameters in building energy consumption. An optimization method thus needed to be adopted for the analysis. Commonly used optimization methods include three types: combined simulation software and optimization algorithm [55] , combined machine learning and optimization algorithm [56] , and typical parameter combination optimization (such as an orthogonal experiment) [28] . Although the first two methods can achieve automatic search and optimization to obtain the optimal parameters, the whole process is a "black box" model, which can only present the final parameter combination. In this paper, not only the optimal parameter combination is obtained, but also the primary and secondary relationships, with the degree of significance of the impact on energy consumption also being emphasized. Compared with the former two optimization methods, the orthogonal experimental design can achieve this goal.
The orthogonal experimental design is a method to study multifactor and multilevel optimization. According to the orthogonality, some representative points are selected to carry out the experiment, which have the characteristics of being homeodispersed and neatly comparable [57] . Taking an experiment with three factors and three levels, for example, a cube can be divided into 27 lattice points. If all the points undergo experimentation, it is a comprehensive test. The orthogonal experimental design can adopt an L9 (3 4 ) orthogonal table to select the representative lattice points to carry out the experiments, specifically nine experiments, as shown in Figure 5 . 
Schematic Design
The orthogonal experimental design contains two basic parameters: factor and level. Factor refers to the elements that participate in a trial and have an impact on its outcome. Level refers to the values of a factor [57] . For the schematic design, a number of factors that have a great impact on evaluation indicators (such as building energy consumption) but are not clearly understood needed to be selected for this research. Based on the analysis of simulation results in Section 3.3.1, the appropriate quantity and value of levels were determined according to the characteristics of each factor and its influence on the evaluation index.
After determining the number and level of factors, SPSS software can be used to establish an orthogonal table. An L64 (4 11 ) orthogonal table was designed according to the arrangement of experiments in this paper; that is, 11 factors (including one blank column, to estimate the random error) with 4 levels set for each factor. Ignoring the interaction between factors, one factor accounts for one column, and 64 design schemes can be obtained in this experiment, as shown in Appendix A. If a comprehensive test is carried out, 4 10 experiments are required. The orthogonal experimental 
After determining the number and level of factors, SPSS software can be used to establish an orthogonal table. An L 64 (4 11 ) orthogonal table was designed according to the arrangement of experiments in this paper; that is, 11 factors (including one blank column, to estimate the random error) with 4 levels set for each factor. Ignoring the interaction between factors, one factor accounts for one column, and 64 design schemes can be obtained in this experiment, as shown in Appendix A. If a comprehensive test is carried out, 4 10 experiments are required. The orthogonal experimental design can greatly reduce the number of simulations.
Data Analysis
The data analysis of the orthogonal experimental results mainly includes two methods: range analysis (intuitive method) and variance analysis.
•
Range Analysis
The range can reflect the influence of each factor on the experimental results. The larger the range, the greater the influence; on the contrary, the smaller the range, the slighter the influence. Thus, the primary and secondary relationships of factors can be determined. The calculation method is shown in Formula (4) [58] :
where R j is the range of column j, K ij is the mean value of experimental results when the factor level in column j is i, K ij = K ij /s and s is the number of occurrences of factors at level i in column j, and K ij is the sum of the experimental results when the factor level in column j is i. For the blank column, if the ranges of all factors are smaller than that of the blank column, it indicates that there may be a nonnegligible interaction between factors, or other factors that have an important impact on experimental results are ignored, and the scheme needs to be redesigned. If the range of one factor is less than that of the blank column, it indicates that this factor has no significance in the evaluation index. However, the range analysis has limitations, and it is not possible to distinguish whether the difference in experimental results corresponding to each factor's level is caused by the change of level or experimental error, while the variance analysis can achieve this objective.
•
Variance Analysis
Analysis of variance (ANOVA) is used to test the significance of the differences in the mean of two or more samples. It can make up the deficiency of the range analysis. The basic steps are as follows [59] :
(1) Calculate the quadratic sum of deviations for each factor and error column:
where k j is the number of occurrences of the same levels in each factor; I j , II j , and III j are the mean values of the experimental index of each column; and y is the mean value of the experimental index.
Degree of freedom f j is the number of levels in column j minus 1.
(2) Calculate the variance ratio of each factor (F ratio):
(3) Check the F value distribution table for a significance test. The larger the F value, the more significant the factor and the greater the influence on the experimental results.
The variance analysis can be completed with SPSS software, which can determine whether the influence of each factor on the evaluation indicator is significant and at what level. The factors with a stronger significance should be given more attention in the energy-saving design. For the nonsignificant factors, the appropriate level can be selected considering other requirements. This provides a reference for the selection of parameters of design factors for rural dwellings in the Zhalantun area.
To sum up, after simulations for each factor in Section 3.3 were conducted, an orthogonal experiment was adopted to determine the optimal combination of the design parameters; the primary and secondary relationships and the degree of significance of the design parameters in building energy consumption are discussed.
Results and Discussion
Analysis of Testing Results
An analysis of the testing data can reflect the basic characteristics of the thermal environment in winter. The testing data of 8 January were chosen to analyze the winter situation. As shown in Figure 6 , the average outdoor temperature is −14.04 • C. The highest temperature was −5.88 • C, occurring at 13:50, and the lowest temperature was −20.68 • C at 05:30. The average relative outdoor humidity was 47.07%, varying between 34.70% and 61.01%.
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An analysis of the testing data can reflect the basic characteristics of the thermal environment in winter. The testing data of 8 January were chosen to analyze the winter situation. As shown in Figure  6 , the average outdoor temperature is −14.04 °C. The highest temperature was −5.88 °C, occurring at 13:50, and the lowest temperature was −20.68 °C at 05:30. The average relative outdoor humidity was 47.07%, varying between 34.70% and 61.01%. A "fire kang + tunuanqi" is the main heating mode of rural dwellings in this area. At the beginning of winter, only fire kang is used for heating, and later the fire kang and tunuanqi are used together. Indoor temperature is affected by the living routines of rural residents. The heating routine could be obtained from the temperature change characteristics in the kitchen; that is, heating will be provided at 06:30 and 15:30, and the temperature will reach a peak value after 1-2 h, then the indoor temperature presents a gradually decreasing trend. The basic characteristics of the thermal environment in traditional rural dwellings are shown in Figure 6 . The average temperature of the living room was 11.42 °C; the highest temperature was 15.61 °C and the lowest temperature was 7. 34 °C. Affected by the indoor temperature, the relative humidity was in the range of 51.61%-74.55%. Benefiting from the room location (less wall contact with outdoors), the temperature in the bedroom was higher than in the living room, with a mean of 13.20 °C, varying between 8.52 °C and 16.40 °C. The relative humidity varied between 44.25% and 56.17%. As a heating space, the kitchen had the highest temperature, with an average indoor temperature of 16.07 °C and a range of 9.7-23.27 °C. Affected by cooking, the relative humidity widely fluctuated, from 47.92% to 84.75%. According to the "Design standard for energy efficiency of rural residential buildings" [60], the indoor temperature was not lower than 14 °C. The temperature variation reflects the larger fluctuation of the indoor thermal environment in such houses.
In addition to the indoor temperature, when the interior surface temperature of the building envelope is lower than the air temperature, cold radiation will be generated, which has a negative impact on indoor thermal comfort. The basic characteristics of the surface temperature in the living room are shown in Figure 7 . A "fire kang + tunuanqi" is the main heating mode of rural dwellings in this area. At the beginning of winter, only fire kang is used for heating, and later the fire kang and tunuanqi are used together. Indoor temperature is affected by the living routines of rural residents. The heating routine could be obtained from the temperature change characteristics in the kitchen; that is, heating will be provided at 06:30 and 15:30, and the temperature will reach a peak value after 1-2 h, then the indoor temperature presents a gradually decreasing trend. The basic characteristics of the thermal environment in traditional rural dwellings are shown in Figure 6 . The average temperature of the living room was 11.42 • C; the highest temperature was 15.61 • C and the lowest temperature was 7. 34 • C. Affected by the indoor temperature, the relative humidity was in the range of 51.61%-74.55%. Benefiting from the room location (less wall contact with outdoors), the temperature in the bedroom was higher than in the living room, with a mean of 13.20 • C, varying between 8.52 • C and 16.40 • C. The relative humidity varied between 44.25% and 56.17%. As a heating space, the kitchen had the highest temperature, with an average indoor temperature of 16.07 • C and a range of 9.7-23.27 • C. Affected by cooking, the relative humidity widely fluctuated, from 47.92% to 84.75%. According to the "Design standard for energy efficiency of rural residential buildings" [60], the indoor temperature was not lower than 14 • C. The temperature variation reflects the larger fluctuation of the indoor thermal environment in such houses.
In addition to the indoor temperature, when the interior surface temperature of the building envelope is lower than the air temperature, cold radiation will be generated, which has a negative impact on indoor thermal comfort. The basic characteristics of the surface temperature in the living room are shown in Figure 7 . It can be seen from Figure 7 that the inner surface temperature of the wall was lower than the indoor air temperature. The mean difference between the surface temperature of the south wall and the air temperature was 3.5 °C, and the max difference reached 11.66 °C. For the north wall, the mean and max were 2.07 °C and 7.23 °C, respectively, higher than those of the south wall because of proximity to the fire kang. The surface temperature of the fire kang was high, about 8.4-28.9 °C above the indoor air temperature, which is beneficial to improve the indoor thermal environment through heating radiation. At the corner of the building envelope, the surface temperature was obviously lower than at the main part of wall, making it easier to produce condensation, as shown in Figure 8 . The globe temperature reflects the actual sensed temperature under the action of radiation and convection. By comparing indoor air and globe temperatures, the effects of heat and cold radiation on the thermal environment were analyzed. The results of four measurement points were selected for analysis ( Figure 9 ); T1, T2, T3, and T4 represent the differences between the indoor air and globe temperature of four points. It can be seen from Figure 7 that the inner surface temperature of the wall was lower than the indoor air temperature. The mean difference between the surface temperature of the south wall and the air temperature was 3.5 • C, and the max difference reached 11.66 • C. For the north wall, the mean and max were 2.07 • C and 7.23 • C, respectively, higher than those of the south wall because of proximity to the fire kang. The surface temperature of the fire kang was high, about 8.4-28.9 • C above the indoor air temperature, which is beneficial to improve the indoor thermal environment through heating radiation. At the corner of the building envelope, the surface temperature was obviously lower than at the main part of wall, making it easier to produce condensation, as shown in Figure 8 . It can be seen from Figure 7 that the inner surface temperature of the wall was lower than the indoor air temperature. The mean difference between the surface temperature of the south wall and the air temperature was 3.5 °C, and the max difference reached 11.66 °C. For the north wall, the mean and max were 2.07 °C and 7.23 °C, respectively, higher than those of the south wall because of proximity to the fire kang. The surface temperature of the fire kang was high, about 8.4-28.9 °C above the indoor air temperature, which is beneficial to improve the indoor thermal environment through heating radiation. At the corner of the building envelope, the surface temperature was obviously lower than at the main part of wall, making it easier to produce condensation, as shown in Figure 8 . The globe temperature reflects the actual sensed temperature under the action of radiation and convection. By comparing indoor air and globe temperatures, the effects of heat and cold radiation on the thermal environment were analyzed. The results of four measurement points were selected for analysis ( Figure 9 ); T1, T2, T3, and T4 represent the differences between the indoor air and globe temperature of four points. The globe temperature reflects the actual sensed temperature under the action of radiation and convection. By comparing indoor air and globe temperatures, the effects of heat and cold radiation on the thermal environment were analyzed. The results of four measurement points were selected for analysis ( Figure 9 ); T 1 , T 2 , T 3 , and T 4 represent the differences between the indoor air and globe temperature of four points.
The globe temperature reflects the actual sensed temperature under the action of radiation and convection. By comparing indoor air and globe temperatures, the effects of heat and cold radiation on the thermal environment were analyzed. The results of four measurement points were selected for analysis ( Figure 9 ); T1, T2, T3, and T4 represent the differences between the indoor air and globe temperature of four points. As shown in Figure 9 , T 1 was located above the fire kang in the living room and the difference was negative between 07:40 and 15:40; that is, the globe temperature was higher than the air temperature, which is affected by the heating radiation of the fire kang. T 2 was arranged in the center of the living room. The difference between 13:50 and 15:30 was negative, mainly affected by solar radiation, while the other periods were the opposite. T 3 collected data from the kitchen (on the north side of the building), and the difference during the testing period was positive; that is, the air temperature was higher than the globe temperature. T 4 was located in the center of the bedroom. The difference between 10:50 and 15:40 was negative, which was also mainly affected by solar radiation. Compared with T 2 , the position of T 4 was closer to the external window, so the time when the difference was negative increased. Comprehensive analysis shows that due to the poor thermal performance of the traditional house's envelope, if there is no solar radiation, the air temperature is usually higher than the globe temperature; in other words, cold radiation is stronger than thermal radiation. Therefore, only through the reasonable design of architectural noumena, such as orientation, building form, thermal performance of the envelope, sunspace, etc., can the problem of energy efficiency and thermal environment be fundamentally solved.
Threshold Value of Thermal Comfort Temperature
Characteristics of Respondents and Indoor Environment
The thermal comfort survey was conducted with 200 respondents, and 164 valid questionnaires were selected for analysis from 98 men and 66 women. The respondents were 18-75 years old, with an average age of 47.3 years. Their overall clothing thermal resistance (clo) was their accumulated single clothing thermal resistance [42] . Considering the influence of seating or fire kang on clothing thermal resistance, 0.15 clo was added [61] . Figure 10 shows the distribution of clothing thermal resistance in winter, varying between 0.7 clo and 1.9 clo, concentrated in the range of 0.9-1.4 clo, with a mean value of 1.23 clo. With respect to metabolic rate, the respondents basically sat down to fill in the questionnaire, and the whole process took about 20-30 min. It was a sitting activity, and the metabolic rate was 1.2 met [61] .
single clothing thermal resistance [42] . Considering the influence of seating or fire kang on clothing thermal resistance, 0.15 clo was added [61] . Figure 10 shows the distribution of clothing thermal resistance in winter, varying between 0.7 clo and 1.9 clo, concentrated in the range of 0.9-1.4 clo, with a mean value of 1.23 clo. With respect to metabolic rate, the respondents basically sat down to fill in the questionnaire, and the whole process took about 20-30 min. It was a sitting activity, and the metabolic rate was 1.2 met [61] . Table 2 shows the distribution characteristics of indoor thermal environment parameters: air temperature, mean radiant temperature, relative humidity, and air velocity. As shown in Figure 11 , the distribution of air temperature ranged between 7.0 °C and 22.0 °C, with an average temperature of 15.0 °C, and mainly within 13.0-18.0 °C, accounting for 64.0% of the total sample. Air temperature lower than 13 °C accounted for 17.7%, and higher than 18 °C accounted for 18.3%. As can be seen from Figure 12 , the mean radiant temperature varied between 3.0 °C and 19.0 °C, with an average of Table 2 shows the distribution characteristics of indoor thermal environment parameters: air temperature, mean radiant temperature, relative humidity, and air velocity. As shown in Figure 11 , the distribution of air temperature ranged between 7.0 • C and 22.0 • C, with an average temperature of 15.0 • C, and mainly within 13.0-18.0 • C, accounting for 64.0% of the total sample. Air temperature lower than 13 • C accounted for 17.7%, and higher than 18 • C accounted for 18.3%. As can be seen from Figure 12 , the mean radiant temperature varied between 3.0 • C and 19.0 • C, with an average of 11.0 • C, about 4.0 • C lower than the average air temperature. For rural dwellings with better insulation of the envelope, the mean radiant temperature was close to the air temperature. 11.0 °C, about 4.0 °C lower than the average air temperature. For rural dwellings with better insulation of the envelope, the mean radiant temperature was close to the air temperature. 
Thermal Environment Evaluation
The thermal evaluation included three parts: thermal sensation vote, thermal acceptability, and thermal preference. As shown in Figure 13 , a thermal sensation vote of −2, −1, 0, 1, and 2 accounted for 11.0%, 41.5%, 42.1%, 5.5%, and 0%, respectively. Figure 14 shows the distribution of thermal acceptability; it can be seen that 87.8% of the respondents accepted the thermal environment. This indicates that the local residents have adapted somewhat to the severely cold climate. If the thermal sensation votes −1, 0, and 1 are grouped as "comfort zone," this indicates that 89.0% of respondents 
The thermal evaluation included three parts: thermal sensation vote, thermal acceptability, and thermal preference. As shown in Figure 13 , a thermal sensation vote of −2, −1, 0, 1, and 2 accounted for 11.0%, 41.5%, 42.1%, 5.5%, and 0%, respectively. Figure 14 shows the distribution of thermal acceptability; it can be seen that 87.8% of the respondents accepted the thermal environment. This indicates that the local residents have adapted somewhat to the severely cold climate. If the thermal sensation votes −1, 0, and 1 are grouped as "comfort zone," this indicates that 89.0% of respondents can adapt to the given indoor thermal environment, which is close to the survey results of thermal acceptability, while 11.0% still think that the indoor thermal environment is colder (−2). In terms of the relationship between thermal sensation vote and thermal acceptability, when the thermal sensation vote is 0 or 1, all selections are "acceptable", and when the thermal sensation vote is −1, about 96% of respondents select "acceptable" (secondary axis of Figure 13 ). It can be seen from Figure 15 that the most frequent vote was 1, indicating that although adjusting one's clothing can improve thermal comfort, still 56.1% of the respondents preferred to change their indoor environment to be a little warmer. The relationship between thermal sensation vote (TSV) and mean thermal preference is shown in Figure 16 can adapt to the given indoor thermal environment, which is close to the survey results of thermal acceptability, while 11.0% still think that the indoor thermal environment is colder (−2). In terms of the relationship between thermal sensation vote and thermal acceptability, when the thermal sensation vote is 0 or 1, all selections are "acceptable", and when the thermal sensation vote is −1, about 96% of respondents select "acceptable" (secondary axis of Figure 13 ). It can be seen from Figure  15 that the most frequent vote was 1, indicating that although adjusting one's clothing can improve thermal comfort, still 56.1% of the respondents preferred to change their indoor environment to be a little warmer. The relationship between thermal sensation vote (TSV) and mean thermal preference is shown in Figure 16 . 
Neutral Temperature and Acceptable Temperature Range
Mean thermal sensation (MTS) was adopted to describe people's thermal sensation, and the bin method was used to establish a regression model between respondents' actual thermal sensation and the operative temperature. Taking operative temperature (to) as an independent variable, with a class interval of Δto = 0.5 °C and the mean thermal sensation vote within the temperature range as the dependent variable, the fitting equation MTS = a × to + b can be obtained by linear regression analysis. Table 3 shows the operative temperature ranges and mean thermal sensation vote. 
Mean thermal sensation (MTS) was adopted to describe people's thermal sensation, and the bin method was used to establish a regression model between respondents' actual thermal sensation and the operative temperature. Taking operative temperature (t o ) as an independent variable, with a class interval of ∆t o = 0.5 • C and the mean thermal sensation vote within the temperature range as the dependent variable, the fitting equation MTS = a × t o + b can be obtained by linear regression analysis. Table 3 shows the operative temperature ranges and mean thermal sensation vote. As shown in Figure 17 , the regression model can be expressed as MTS = 0.196t o − 3.190, and the determination coefficient R 2 is 0.943, having a high fitting degree. The thermal neutral temperature is the temperature when MTS is equal to 0. Making MTS = 0, the thermal neutral temperature can be obtained as 16.3 • C, higher than the average measured temperature of 15.0 • C ( Table 2) . Making MTS = (−0.5, 0.5), the 90% acceptable temperature range is between 13.7 • C and 18.8 • C. It also can be seen from Figure 17 that when MTS = 0, the temperature range is 16.0-18.0 • C, indicating that the thermal sensation is comfortable in this range. Therefore, according to the survey results, an indoor temperature of 17.0 • C was set as the input value for building energy-consumption simulation.
Related studies show that in Harbin, a city located in a severely cold region, the thermal neutral temperature of urban residents is 21.5 • C, and the lower limit of an 80% acceptable temperature range is 18 • C [62] . The thermal neutral temperature of rural residents is 14.4 • C, and the lower limit of a 90% acceptable temperature range is 8.8 • C [37] . Compared with urban residents, rural residents' thermal neutral temperature and lower limit of acceptable temperature range are lower, showing a higher thermal acceptance rate. However, with the improvement of rural residents' living standards, the thermal comfort requirement also has been raised. 
Analysis of Simulation Results
Effect of a Single Factor on Energy Consumption
Passive design means improving the indoor environment and reducing energy consumption only through architectural noumenon design and without mechanical equipment. The design parameters that affect energy consumption of rural dwellings include building orientation and shape, insulation layer thickness of nontransparent envelope, window type (transparent envelope), window-wall ratio, and sunspace. The effects of single factors on energy consumption are analyzed in this section.
•
Building Orientation and Shape 
Analysis of Simulation Results
Effect of a Single Factor on Energy Consumption
•
Building Orientation and Shape Solar radiation has a great impact on the indoor thermal environment and energy consumption, and its intensity varies with different orientations. Choosing a reasonable orientation is the primary concern of an energy-saving design, which can make rural dwellings utilize maximum solar radiation in the heating season. The heating energy consumption of a rural house was simulated in the orientation range of −90 • (south by east) to 90 • (south by west), with a step length of 10 • , and the results are shown in Figure 18 
Effect of a Single Factor on Energy Consumption
•
Building Orientation and Shape Solar radiation has a great impact on the indoor thermal environment and energy consumption, and its intensity varies with different orientations. Choosing a reasonable orientation is the primary concern of an energy-saving design, which can make rural dwellings utilize maximum solar radiation in the heating season. The heating energy consumption of a rural house was simulated in the orientation range of −90° (south by east) to 90° (south by west), with a step length of 10°, and the results are shown in Figure 18 . As shown in Figure 18 , with the building orientation rotating from −90 • to 90 • , the heat gain of solar radiation first increases and then decreases (shown with triangles). Thus, the change in heating energy consumption shows a reversing trend of first decreasing and then increasing (shown with squares). When the orientation is south (0 • ), the energy consumption reaches the minimum value. Compared to the orientation of −90 • and 90 • , the energy consumption is reduced by 14.88 KWh/m 2 and 14.06 KWh/m 2 , respectively. Considering the requirements of energy saving and the indoor thermal environment in winter, orientations in the range with low energy consumption (below the red line in Figure 18 ) were selected for the orthogonal experiment, including south by east 10 • , 0 • , south by west 10 • , and south by west 20 • .
Building shape covers building length, width, and height, and the shape coefficient was presented as an index to evaluate the rationality of the design scheme, but the relationship between the shape coefficient and energy saving has been questioned in relevant studies [63] . Moreover, from the view of architectural design, the shape coefficient cannot directly guide the shape design of rural dwellings. The building area is fixed, and two aspects, the length-width ratio and indoor height, were taken into account to analyze the impact on energy consumption.
When discussing the influence of the length-width ratio on energy consumption, the ratio ranged between 0.6 m and 2.5 m, with a step of 0.1 m. Similarly, the range of indoor height was set as 2.5-3.2 m, with a step of 0.1 m, to explore the relationship between indoor height and energy consumption. The external window area will change with variation of length-width ratio or indoor height, and it is difficult to discern which factors affect energy consumption. Thus, the south window-wall ratio was set as 0 (no window) and 0.4 for comparative analysis. The results are shown in Figures 19 and 20 .
When discussing the influence of the length-width ratio on energy consumption, the ratio ranged between 0.6 m and 2.5 m, with a step of 0.1 m. Similarly, the range of indoor height was set as 2.5-3.2 m, with a step of 0.1 m, to explore the relationship between indoor height and energy consumption. The external window area will change with variation of length-width ratio or indoor height, and it is difficult to discern which factors affect energy consumption. Thus, the south window-wall ratio was set as 0 (no window) and 0.4 for comparative analysis. The results are shown in Figures 19 and 20 . Figure 19 . Relationship between the length-width ratio and energy consumption.
As can be seen from Figure 19 , energy consumption first decreases and then gradually increases with an increased length-width ratio. Due to the influence of solar radiation, the change rules of the two conditions are different. In terms of minimum value, energy consumption is the least when the length-width ratio is 1.2 and 1.1 and the south wall-window ratio is 0 and 0.4, respectively. From the perspective of change rate, taking the length-width ratio that corresponds to the lowest energy consumption as the limit, the two intervals of decreasing and increasing are divided. With the interval of 0.6-1.2 (1.1) m, energy consumption has a negative correlation with the length-width ratio. It has a higher correlation when the south window-wall ratio is 0.4, indicating that the change in the length-width ratio has a greater impact on energy consumption. In the range of 1.2 (1.1)-2.5 m, it shows the opposite trend; that is, energy consumption has a positive correlation with the lengthwidth ratio, and the correlation is smaller for a south window-wall ratio of 0.4, indicating that the length-width ratio has less impact on energy consumption. Considering the plane layout and energysaving effect, a range of length-width ratios with low energy consumption were selected for the orthogonal experiment: 1.0, 1.1, 1.2, and 1.3. As can be seen from Figure 19 , energy consumption first decreases and then gradually increases with an increased length-width ratio. Due to the influence of solar radiation, the change rules of the two conditions are different. In terms of minimum value, energy consumption is the least when the length-width ratio is 1.2 and 1.1 and the south wall-window ratio is 0 and 0.4, respectively. From the perspective of change rate, taking the length-width ratio that corresponds to the lowest energy consumption as the limit, the two intervals of decreasing and increasing are divided. With the interval of 0.6-1.2 (1.1) m, energy consumption has a negative correlation with the length-width ratio. It has a higher correlation when the south window-wall ratio is 0.4, indicating that the change in the length-width ratio has a greater impact on energy consumption. In the range of 1.2 (1.1)-2.5 m, it shows the opposite trend; that is, energy consumption has a positive correlation with the length-width ratio, and the correlation is smaller for a south window-wall ratio of 0.4, indicating that the length-width ratio has less impact on energy consumption. Considering the plane layout and energy-saving effect, a range of length-width ratios with low energy consumption were selected for the orthogonal experiment: 1.0, 1.1, 1.2, and 1.3. As can be seen from Figure 20 , energy consumption increases with increased indoor height. Affected by solar radiation, when the south window-wall ratio is 0.4, the influence of indoor height on building energy consumption is reduced slightly. For example, when the south window-wall ratio is 0, for each additional 0.1 m of indoor height, energy consumption increases by 7.07 KWh/m 2 . However, there is an increase of 6.39 KWh/m 2 for each additional 0.1 m when the south-wall ratio is 0.4. Taking into account the usage requirement and energy-saving effect, the values 2.6 m, 2.7 m, 2.8, m, and 2.9 m were selected for the orthogonal experiment.
Insulation Thickness of the Nontransparent Envelope
The nontransparent envelope consists of three parts: external wall, roof, and ground, and the thermal performance of these parts directly restricts the heating energy consumption of rural As can be seen from Figure 20 , energy consumption increases with increased indoor height. Affected by solar radiation, when the south window-wall ratio is 0.4, the influence of indoor height on building energy consumption is reduced slightly. For example, when the south window-wall ratio is 0, for each additional 0.1 m of indoor height, energy consumption increases by 7.07 KWh/m 2 . However, there is an increase of 6.39 KWh/m 2 for each additional 0.1 m when the south-wall ratio is 0.4. Taking into account the usage requirement and energy-saving effect, the values 2.6 m, 2.7 m, 2.8, m, and 2.9 m were selected for the orthogonal experiment.
• Insulation Thickness of the Nontransparent Envelope
The nontransparent envelope consists of three parts: external wall, roof, and ground, and the thermal performance of these parts directly restricts the heating energy consumption of rural dwellings. Due to the features of single-story and detached rural dwellings, compared with urban buildings, the external wall area occupies a large proportion of the building surface, and its energy consumption accounts for up to 40% of the total energy consumption [64] . Thermal insulation for external walls has become a widely used energy-saving measure for rural dwellings in severely cold regions of China. The roof is usually thermally insulated by the indoor ceiling, upon which lightweight materials are laid. This can save on thermal insulation materials, reduce the heat dissipation area, and increase the integrity of the indoor space. Because of the direct contact between the human body and the ground, its thermal performance not only affects energy consumption, but also has a great impact on human health [65] . This part is vulnerable to the influence of cold soil around the building, leading to increased heating energy consumption in winter.
Combining with the characteristics of rural resources and the economics of the Zhalantun area, Table 4 shows the typical structure of the building envelope for rural dwellings. The main factor that determines the thermal performance of the envelope is the insulation layer. Therefore, the influence of insulation layer thickness on energy consumption is a concern. In selecting thermal insulation material, extruded polystyrene, in the form of EPS boards, was adopted as insulation material for the simulation because of the lower cost and good insulation properties. The thickness of the insulation layer ranges between 0 and 200 mm, with a step of 10 mm. The quantitative relationships between energy consumption and insulation layer thickness are shown in Figure 21 . Figure 22 shows the corresponding energy-saving rate. As shown in Figure 21 , compared to the reference building, the energy consumption is obviously reduced by increasing the insulation thickness on the external wall from 0 to 200 mm, with the corresponding heat transfer coefficient varying from 1.58 to 0.185 W/m 2 ·K. The energy consumption of a rural dwelling can be decreased from 315.36 KWh/m 2 to 210.64 KWh/m 2 , for a 104.72 KWh/m 2 reduction and an energy-saving rate of 33.2% (Figure 22 ). However, in the process of increasing the insulation thickness, the energy-saving rate range becomes smaller. When the thickness of the EPS board is in the range of 0-110 mm, the variation of insulation thickness has a significant impact on the energy-saving rate, reaching 30.1%. Blindly increasing the thickness of the insulation layer will lead to a high investment cost, and the energy-saving effect is not obvious. Considering the insulation effect and construction cost, 50 mm, 70 mm, 90 mm, and 110 mm-thick EPS boards (with corresponding heat transfer coefficients of 0.548, 0.435, 0.360, and 0.307 W/m 2 ·K, respectively) were selected for the external wall in the orthogonal experiment. Regarding the roof, the energy consumption is decreased by 7.07 KWh/m 2 , with an energy-saving rate of 13.2%, when the insulation thickness is 200 mm. The change of energy consumption has an inflection point at an insulation thickness of 40 mm; that is, the energy consumption only decreases when the insulation thickness exceeds 40 mm. The main reason is that plant ash or sawdust are usually laid on the indoor ceiling of a traditional dwelling, which plays a certain role in insulation (because DesignBuilder software does not include such material, a material with the same heat transfer coefficient was selected according to the relevant energy-saving design standard [66] ). When the EPS board is in the range of 40-130 mm thick, the variation of insulation thickness has a significant impact on the energy-saving rate, and it can reach 11.3%. Insulation thicknesses of 70 mm, 90 mm, 110 mm, and 130 mm (with corresponding heat transfer coefficients of 0.498, 0.403, 0.338, and 0.291 W/m 2 ·K, respectively) were selected for the roof in the orthogonal experiment. About the ground, corresponding to the insulation thickness of 200 mm, energy consumption is decreased by 43.89 KWh/m 2 , with an energy-saving rate of 13.9%. When the EPS board varies from 0-90 mm thick, the energy-saving rate is significantly affected by the change of insulation thickness and its value can also reach 13.0%. Similarly, the 30 mm, 50 mm, 70 mm, and 90 mm-thick EPS boards (with corresponding heat transfer coefficients of 0.906, 0.633, 0.486, and 0.395 W/m 2 ·K, respectively) were selected for the ground in the orthogonal experiment. Results show that the impact of the three parts on energy consumption is different, with the external wall having a greater impact and the ground similar to the roof.
•
Window Types (Transparent Enclosure) Compared with the nontransparent envelope, the external window is the weaker part of the building envelope in terms of thermal insulation, and most were replaced during the operation to improve the indoor thermal environment and save energy. For example, by using double-glass windows (two 6 mm glass with 6 mm distance, and a heat transfer coefficient of 3.1 W/m 2 ·K) to replace single-glass windows (6 mm thick, and a heat transfer coefficient of 4.7 W/m 2 ·K), energy consumption is reduced by 16.06 KWh/m 2 in winter. Window thermal performance is mainly reflected by two indices: the heat transfer coefficient (K) and solar heat gain coefficient (SHGC). Seven types of windows were selected for comparative analysis, as shown in Table 5 . As shown in Figure 23 , energy consumption increases with a decreased SHGC value when the K value is the same (Windows 1-3 ). With a decreased K value, the change curve of heating energy consumption presents a generally downward trend, but for SHGC, a special situation also occurs. For instance, the energy consumption of Window 4 (K = 2.7 W/m 2 ·K) is lower than that of Window 5 (K = 2.4 W/m 2 ·K) because of the great difference in the SHGC value and small difference in the K value; thus, Window 4 can introduce more solar radiation. It can be seen that both the K value and SHGC value will have an impact on energy consumption. In order to analyze the influence degree of the two parameters on energy consumption, SPSS was used to analyze the correlation between window thermal performance and energy consumption ( Table 6 ). Results show that energy consumption has no significant correlation with the SHGC value but is significantly correlated with the K value. For external windows of rural dwellings in Zhalantun (a severely cold region), more attention should be paid to the K value. Considering the energy-saving effect, K values of 1.5, 2.1, 2.4, and 2.7 W/m 2 ·K were selected for external windows in the orthogonal experiment.
the two parameters on energy consumption, SPSS was used to analyze the correlation between window thermal performance and energy consumption ( Table 6 ). Results show that energy consumption has no significant correlation with the SHGC value but is significantly correlated with the K value. For external windows of rural dwellings in Zhalantun (a severely cold region), more attention should be paid to the K value. Considering the energy-saving effect, K values of 1.5, 2.1, 2.4, and 2.7 W/m 2 ·K were selected for external windows in the orthogonal experiment. •
Window-wall ratio
The window-wall ratio is an important index for energy-saving design, and its effect on heating energy consumption has dual characteristics. On the one hand, more solar radiation can be obtained to improve the indoor thermal environment in winter, and on the other hand, the heat transfer coefficient of external windows is larger, which leads to increased heating energy consumption. Therefore, the appropriate window-wall ratio should be determined according to the performance requirements and climatic conditions. Rural dwellings in this area usually only have windows on the north and south sides, so the window-wall ratio of these sides was simulated. When the south window-wall ratio is taken as a variable, the north window-wall ratio is 0, and vice versa. The range of the window-wall ratio is set as 0.2-0.7, with a step size of 0.05. The simulation results are shown in Figures 24 and 25 . Table 6 . Correlation between window thermal performance and energy consumption.
K (W/m 2 ·K) SHGC
Pearson correlation 0.949 ** −0.296 Significance (bilateral) 0.001 0.520 ** Significant correlation at the 0.01 level (bilateral).
Window-wall ratio
The window-wall ratio is an important index for energy-saving design, and its effect on heating energy consumption has dual characteristics. On the one hand, more solar radiation can be obtained to improve the indoor thermal environment in winter, and on the other hand, the heat transfer coefficient of external windows is larger, which leads to increased heating energy consumption. Therefore, the appropriate window-wall ratio should be determined according to the performance requirements and climatic conditions. Rural dwellings in this area usually only have windows on the north and south sides, so the window-wall ratio of these sides was simulated. When the south window-wall ratio is taken as a variable, the north window-wall ratio is 0, and vice versa. The range of the window-wall ratio is set as 0.2-0.7, with a step size of 0.05. The simulation results are shown in Figures 24 and 25 . As can be seen in Figure 24 , energy consumption linearly decreases as the south window-wall ratio increases. Although increasing the size of the external windows will lead to an increased heat dissipation area, more solar radiation can be introduced, which is conducive to reducing energy consumption. On the contrary, energy consumption linearly increases as the north window-wall ratio increases ( Figure 25 ). The fitting relationship between the window-wall ratio and energy consumption are shown in Table 7 . It has a good linear fitting degree and a significant linear relationship. For each additional 0.1 in the window-wall ratio, energy consumption changes 3.52 KWh/m 2 and 1.79 KWh/m 2 for the south and north, respectively. Taking into account the requirements of energy saving, lighting, and structure, the values of 0.3, 0.4, 0.5, and 0.6 were selected for the south window-wall ratio and 0.1, 0.2, 0.3, and 0.4 for the north window-wall ratio in the orthogonal experiment. The sunspace refers to a space attached to the south side of the building (Figure 26 ). As a transition space between the indoor and outdoor environments, it has a positive role in reducing building energy consumption and improving the indoor thermal environment. There is rich solar energy in the Zhalantun area; according to the meteorological data (Figure 1) , the annual solar As can be seen in Figure 24 , energy consumption linearly decreases as the south window-wall ratio increases. Although increasing the size of the external windows will lead to an increased heat dissipation area, more solar radiation can be introduced, which is conducive to reducing energy consumption. On the contrary, energy consumption linearly increases as the north window-wall ratio increases ( Figure 25 ). The fitting relationship between the window-wall ratio and energy consumption are shown in Table 7 . It has a good linear fitting degree and a significant linear relationship. For each additional 0.1 in the window-wall ratio, energy consumption changes 3.52 KWh/m 2 and 1.79 KWh/m 2 for the south and north, respectively. Taking into account the requirements of energy saving, lighting, and structure, the values of 0.3, 0.4, 0.5, and 0.6 were selected for the south window-wall ratio and 0.1, 0.2, 0.3, and 0.4 for the north window-wall ratio in the orthogonal experiment. The sunspace refers to a space attached to the south side of the building (Figure 26 ). As a transition space between the indoor and outdoor environments, it has a positive role in reducing building energy consumption and improving the indoor thermal environment. There is rich solar energy in the Zhalantun area; according to the meteorological data (Figure 1) , the annual solar radiation energy is about 5000.6 MJ/m 2 . In addition, large homesteads of rural houses without shielding between buildings can provide favorable conditions for the use of solar energy. The sunspace has been accepted and applied by rural residents, such as plastic film supported by a wooden frame built on the south side of the building in winter, as shown in Figure 27 . radiation energy is about 5000.6 MJ/m 2 . In addition, large homesteads of rural houses without shielding between buildings can provide favorable conditions for the use of solar energy. The sunspace has been accepted and applied by rural residents, such as plastic film supported by a wooden frame built on the south side of the building in winter, as shown in Figure 27 . In the design of a sunspace, its width and height are usually consistent with the building, and depth is the only adjustable variable. The initial value of sunspace depth is set as 0, or the reference building, and a new model is formed for every 0.3 m increase until the depth reaches 2.4 m, a total of nine conditions. The sunspace material is single glass with an aluminum alloy frame (K = 5.8 W/m 2 ·K). Figure 28 shows the relationship between sunspace depth and heating energy consumption. It can be seen from Figure 28 that energy consumption is reduced the most, by 14.64 KWh/m 2 , with a sunspace depth of 0.3 m. As the depth increases, energy consumption shows a slightly escalating trend, but when the depth reaches 2.4 m, energy consumption is still lower than that of the reference building. The effect of the sunspace on energy consumption is mainly determined by the relationship between the solar radiation reduction and heat loss reduction of the building envelope. If the former is less than the latter, it is beneficial to reduce energy consumption. As shown in Figure  29 , as the sunspace depth increases from 0.3 m to 2.4 m, the reduction of solar radiation is lower than In the design of a sunspace, its width and height are usually consistent with the building, and depth is the only adjustable variable. The initial value of sunspace depth is set as 0, or the reference building, and a new model is formed for every 0.3 m increase until the depth reaches 2.4 m, a total of nine conditions. The sunspace material is single glass with an aluminum alloy frame (K = 5.8 W/m 2 ·K). Figure 28 shows the relationship between sunspace depth and heating energy consumption. In the design of a sunspace, its width and height are usually consistent with the building, and depth is the only adjustable variable. The initial value of sunspace depth is set as 0, or the reference building, and a new model is formed for every 0.3 m increase until the depth reaches 2.4 m, a total of nine conditions. The sunspace material is single glass with an aluminum alloy frame (K = 5.8 W/m 2 ·K). Figure 28 shows the relationship between sunspace depth and heating energy consumption. It can be seen from Figure 28 that energy consumption is reduced the most, by 14.64 KWh/m 2 , with a sunspace depth of 0.3 m. As the depth increases, energy consumption shows a slightly escalating trend, but when the depth reaches 2.4 m, energy consumption is still lower than that of the reference building. The effect of the sunspace on energy consumption is mainly determined by the relationship between the solar radiation reduction and heat loss reduction of the building envelope. If the former is less than the latter, it is beneficial to reduce energy consumption. As shown in Figure  29 , as the sunspace depth increases from 0.3 m to 2.4 m, the reduction of solar radiation is lower than It can be seen from Figure 28 that energy consumption is reduced the most, by 14.64 KWh/m 2 , with a sunspace depth of 0.3 m. As the depth increases, energy consumption shows a slightly escalating trend, but when the depth reaches 2.4 m, energy consumption is still lower than that of the reference building. The effect of the sunspace on energy consumption is mainly determined by the relationship between the solar radiation reduction and heat loss reduction of the building envelope. If the former is less than the latter, it is beneficial to reduce energy consumption. As shown in Figure 29 , as the sunspace depth increases from 0.3 m to 2.4 m, the reduction of solar radiation is lower than that of the building envelope's heat loss all the time, meaning that although the sunspace will affect the acquisition of indoor solar radiation, it can have a heat preservation effect on the envelope and reduce heat loss. Figure 30 shows the indoor, sunspace, and outdoor mean air temperature in winter. Because of direct access to solar radiation, the interior temperature of the sunspace is higher than the outdoor temperature. It can provide a warmer space for residents' activities in winter (other than the indoor space), and can also be used as a temperature buffer to avoid experiencing large temperature differences between the outside and the indoor space, with an average of 25.7 • C.
the acquisition of indoor solar radiation, it can have a heat preservation effect on the envelope and reduce heat loss. Figure 30 shows the indoor, sunspace, and outdoor mean air temperature in winter. Because of direct access to solar radiation, the interior temperature of the sunspace is higher than the outdoor temperature. It can provide a warmer space for residents' activities in winter (other than the indoor space), and can also be used as a temperature buffer to avoid experiencing large temperature differences between the outside and the indoor space, with an average of 25.7 °C. To sum up, the smaller the depth of the sunspace, the better the energy-saving effect. However, as a daily space, it should meet its functional requirements, and considering the energy-saving effect, 0.9 m, 1.2 m, 1.5 m, and 1.8 m were selected for sunspace depth in the orthogonal experiment.
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According to the single parameter simulation results, 10 impact factors were chosen: building orientation, length-width ratio, indoor height, wall insulation layer thickness, roof insulation layer thickness, ground insulation layer thickness, window heat transfer coefficient, south window-wall ratio, north window-wall ratio, and sunspace depth. Table 8 shows the factors and levels of the orthogonal experiment. Figure 30 . Indoor, sunspace, and outdoor mean air temperature in winter.
To sum up, the smaller the depth of the sunspace, the better the energy-saving effect. However, as a daily space, it should meet its functional requirements, and considering the energy-saving effect, 0.9 m, 1.2 m, 1.5 m, and 1.8 m were selected for sunspace depth in the orthogonal experiment.
According to the single parameter simulation results, 10 impact factors were chosen: building orientation, length-width ratio, indoor height, wall insulation layer thickness, roof insulation layer thickness, ground insulation layer thickness, window heat transfer coefficient, south window-wall ratio, north window-wall ratio, and sunspace depth. Table 8 shows the factors and levels of the orthogonal experiment. 
Comprehensive Optimization for Energy Saving
According to the analysis results in Section 3.3.1, there are different effects of each factor on building energy consumption. When the parameters of the design factors varies in the same direction, some factors are conducive to reduce energy consumption, such as increasing the insulation thickness, while others have the opposite effect, such as raising the north window-wall ratio; so, effective combination of these measures must be optimized for further energy saving. Therefore, taking the 10 previously analyzed design factors as the variables (building orientation, length-width ratio, indoor height, insulation thickness of building envelope (wall, roof, and ground), heat transfer coefficient of window, south and north window-wall ratio, and sunspace depth), the optimal parameter combination and its significance to building energy consumption were analyzed by the orthogonal experiment, as shown in Table 8 . Appendix A shows the orthogonal table and energy consumption data. Range analysis was used to obtain the optimal parameter combination, as well as the primary and secondary relationships of the effect on energy consumption. As shown in Table 9 , with a larger range, thus making the variation of the experimental index greater, it turns out that the importance of each design factor's influence is ranked as follows: D (external wall insulation thickness) > E (roof insulation thickness) > C (indoor height) > I (north window-wall ratio) > F (ground insulation thickness) > G (window heat transfer coefficient) > J (sunspace depth) > H (south window-wall ratio) > B (length-width ratio) > A (building orientation). The difference between F and G is quite small. In this paper, building energy consumption is taken as the experimental index, so the smaller the index value, the more conducive to energy conservation. It can be concluded that the optimal parameter combination is A2, B2, C1, D4, E4, F4, G1, H1, I1, J1, and the corresponding values are south by west 10 • , 1.1, 2.6 m, 110 mm, 130 mm, 90 mm, 1.5 W/m 2 ·K, 0.3, 0.1, and 0.9 m, respectively. This combination is not included in the orthogonal table, with an energy consumption of 107.05 KWh/m 2 , and is also 6.82 KWh/m 2 less than the minimum energy consumption in the table. Compared to the reference building, with an energy consumption of 314.84 KWh/m 2 , the energy-saving rate is 65.9%. It can be seen from Table 10 that after a comprehensive energy-saving design, the natural temperature inside the room increases throughout the year. The thermal performance is improved by the fact that the number of hours when the indoor air temperature is less than or equal to 17 • C decreases by 1073 h, although the number of hours with a temperature between 21 • C and 26 • C increases significantly in summer, still in the comfort zone. The number of hours with temperatures above 26 • C increases, but the highest temperature is less than 29 • C, mainly concentrated in the hottest month of July. From the view of the average temperature in the heating period, the indoor radiation temperature and operative temperature are increased by 4.67 • C and 2.36 • C, respectively. ANOVA was used to test the significance of each factor in building energy consumption, and the result is shown in Table 11 . Within the given range of parameter values for each factor, C, D, E, F, G, and I have a significant effect on the building energy consumption at the level of α = 0.01, J has a significant effect at the level of α = 0.05, while A, B, and H have no significant effect. 
Economic Evaluation
Any energy-saving measures should not only meet the technical conditions, but also be economically feasible. Economy is one of the important factors restricting energy-saving design for rural dwellings in this area. Therefore, questions on willingness to invest in energy-saving design were added to the survey. Results show that 84.4% of respondents are not willing to invest in energy-saving design or renovation. They think that the problem of an uncomfortable indoor environment can be solved by burning more fuel, but this will result in increased operating costs. Only 15.6% of respondents are willing to pay for the necessary energy-saving design or renovation, but the investment amount is concentrated in the range of 1000-5000 CYN, as show in Figure 31 . Rural residents are also reluctant to invest when more expenditure is needed. It can be seen that residents are not clear about the economic benefits brought by energy-saving design. ANOVA was used to test the significance of each factor in building energy consumption, and the result is shown in Table 11 . Within the given range of parameter values for each factor, C, D, E, F, G, and I have a significant effect on the building energy consumption at the level of α = 0.01, J has a significant effect at the level of α = 0.05, while A, B, and H have no significant effect. 
Any energy-saving measures should not only meet the technical conditions, but also be economically feasible. Economy is one of the important factors restricting energy-saving design for rural dwellings in this area. Therefore, questions on willingness to invest in energy-saving design were added to the survey. Results show that 84.4% of respondents are not willing to invest in energysaving design or renovation. They think that the problem of an uncomfortable indoor environment can be solved by burning more fuel, but this will result in increased operating costs. Only 15.6% of respondents are willing to pay for the necessary energy-saving design or renovation, but the investment amount is concentrated in the range of 1000-5000 CYN, as show in Figure 31 . Rural residents are also reluctant to invest when more expenditure is needed. It can be seen that residents are not clear about the economic benefits brought by energy-saving design. In general, an energy-saving house and the benchmark model have the same parts in terms of the main structure and materials, construction of the envelope, construction technology, etc. However, this paper mainly focuses on the relationship between increased investment and benefits In general, an energy-saving house and the benchmark model have the same parts in terms of the main structure and materials, construction of the envelope, construction technology, etc. However, this paper mainly focuses on the relationship between increased investment and benefits brought by passive energy-saving measures; thus, calculating the absolute value of the construction costs is not useful. Therefore, the feasibility of the energy-saving design is evaluated by additional investment cost, and the cost-benefit ratio and payback period are calculated in this paper. The energy-saving design scheme is feasible when the cost-benefit ratio is greater than or equal to 1.0. The increased investment cost of an energy-saving house (dIC), namely, the difference in initial investment cost between the reference building and the energy-saving house, is calculated by Formula (6):
where dIC i is the increased investment cost of each part, S i is the area of adopting energy-saving measures of each part, and dP i is the material price difference of each part. The 10 passive design factors analyzed in Section 3.3 can be divided into two types in view of economy. One type will not affect the construction cost, such as building orientation, length-width ratio, and indoor height, as basic requirements for energy-saving design. The other type will result in increased investment costs, such as adding an insulation layer for the envelope, replacing external windows, changing the window-wall ratio, etc. In the calculation, the price of EPS board is 360 CNY/m 3 and the prices of single-frame double-glass window (Window 1 in Table 5 ) and two single-frame double-glass window (Window 7 in Table 5 ) are 270 CNY/m 2 and 540 CNY/m 2 , respectively. The average price of single-glass with an aluminum alloy frame is about 120 CNY/m 2 . Table 12 shows the increased investment cost of an energy-saving house, with the total investment cost being 10,861.8 CNY. For the energy-saving house, building energy consumption will be significantly reduced during operation, thus saving on operating cost. Because of the climate conditions in this area, the house prioritizes natural ventilation in summer, hardly using cooling equipment, so the difference in operating cost mainly comes from saving when reducing energy consumption for heating. dOC is the difference in operating cost and is calculated by Formula (7):
where a is the discount factor, which takes into account the effect of inflation and escalation of energy prices. Referring to a relevant study [67] , the following data are assumed for calculation: nominal interest rate i = 7%, inflation rate f = 2%, and escalation in energy price e = 1%. Accordingly, the discount factor a = 13.76 when the lifespan is 20 years. e p is the standard coal energy price and is set as 800 CNY/ton in line with the average market price. dE is the difference in annual coal consumption for space heating between the energy-saving house and the reference building. The unit of software output is KWh, which is converted into tons in the calculation: 1 KWh = 0.123 × 10 −3 tons. e is the operating efficiency of heating equipment, with a value of 0.7. According to the simulation results, the heating energy consumption of the energy-saving house is 107.05 KWh/m 2 , compared with the reference building, with an energy consumption of 314.84 KWh/m 2 ; the reduced annual heating energy consumption of the energy-saving house is about 11,245.59 KWh, which is converted into 1.38 tons. The cumulative energy-saving benefit is 21,701.5 CNY by Formula (7), and the cost-benefit ratio of the energy-saving house is 1.99 > 1.0. The payback period is the time for the operating cost benefit of the energy-efficient house to offset the additional investment cost. The payback period of investment is within 7 years. This indicates that the energy-saving design scheme is more economical.
Conclusions
The analysis of the test results shows that the indoor temperature of traditional houses in Zhalantun is lower, which does not satisfy the thermal comfort requirements stipulated by set standards, and fluctuates greatly in winter; the difference between the highest and lowest temperatures in the bedroom reaches 8 • C, and the relative humidity is constant under winter conditions. The inner surface temperature of the building envelope (i.e., walls, windows) is usually lower than the indoor air temperature, resulting in cold radiation. Although solar radiation and fire kang can improve the indoor thermal environment, their duration and influence are limited. Only through the reasonable design of architectural noumenon can the problem of energy efficiency and thermal environment comfort be fundamentally solved.
In accordance with the thermal comfort survey of rural residents, it is concluded that although the indoor average temperature is lower, the acceptable rate is higher, at 87.6%. According to the correlation analysis between operative temperature (t o ) and mean thermal sensation (MTS), the regression equation is MTS = 0.196t o − 3.190 (R 2 = 0.943), the thermal neutral temperature is 16.3 • C, and the 90% acceptable temperature range is 13.7-18.8 • C. When MTS = 0, the temperature range is 16.0-18.0 • C. This can provide the indoor calculation parameters for an energy-saving design for rural dwellings in Zhalantun.
Through the quantitative analysis of design factors and building energy consumption, the effects of single factors on building energy efficiency are clarified; for example, external wall insulation with 110 mm-thick EPS boards yields an energy-saving rate of 30.1%, and the parameter values of each factor in the orthogonal experiment are determined. According to the results of the orthogonal experiments, within the given range of the parameter values, the importance of the design factor's influence is ranked as follows: D (external wall insulation thickness) > E (roof insulation thickness of roof) > C (indoor height) > I (north window-wall ratio) > F (ground insulation thickness) > G (window heat transfer coefficient) > J (sunspace depth) > H (south window-wall ratio) > B (length-width ratio) > A (building orientation). The difference between F and G is quite small. The optimal parameter combination is A2, B2, C1, D4, E4, F4, G1, H1, I1, and J1, and the corresponding values are south by west 10 • , 1.1, 2.6 m, 110 mm, 130 mm, 90 mm, 1.5 W/m 2 ·K, 0.3, 0.1, and 0.9 m respectively. Analysis of variance shows that factors C, D, E, F, G, and I have a significant effect on energy consumption at the level of α = 0.01, J has a significant effect at level of α = 0.05, while A, B, and H have no significant effect. Comprehensive measures can achieve an energy-saving rate of 65.9%, and the number of hours when the natural air temperature inside the room is less than or equal to 17 • C decreases by 1050 h. The indoor average radiation temperature and operative temperature are increased by 4.67 • C and 2.36 • C, respectively, in the heating period. After adopting comprehensive energy-saving measures, the additional initial investment cost is 10,861.8 CNY. Simulation results show that compared with the reference building, the reduced annual heating energy consumption is 11,245.59 KWh. When the lifespan is 20 years, the cumulative benefit value is 21,701.5 CNY. The cost-benefit ratio is 1.99 > 1.0 and the payback period of investment is within 7 years.
In this paper, the basic problem of indoor thermal comfort and, subsequently, an energy-saving design for Zhalantun rural dwellings, are explored. The results can have a positive effect on reducing building energy consumption, improving the living environment, and promoting sustainable development in this area. 
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